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Abstract
Nuclear magnetic resonance (NMR) spin-lattice (T−11 ) and spin-spin (T−12 ) relaxation rate mea-
surements can act as effective non-destructive probes of the nano-scale dynamics of 1H spins in
porous media. In particular, fast-field-cycling T−11 dispersion measurements contain information on
the dynamics of diffusing spins over time scales spanning many orders of magnitude. Previously-
published experimental T −11 dispersions from a plaster paste, synthetic saponite, mortar and oil-
bearing shale are re-analysed using a model and associated theory which describe the relaxation
rate contributions due to the interaction between spins ensembles in quasi-two-dimensional (Q2D)
pores. Application of the model yields physically-meaningful diffusion correlation times for all
systems. In particular, the surface diffusion correlation time and the surface desorption time take
similar values for each system suggesting that surface mobility and desorption are linked processes.
The bulk fluid diffusion correlation time is found to be 2-5 times the value for the pure liquid
at room temperature for each system. Re-analysis of the oil-bearing shale yields diffusion time
constants for both the oil and water constituents. The shale is found to be oil-wetting and the
water T −11 dispersion is found to be associated with aqueous Mn2+ paramagnetic impurites in the
bulk water. These results escalate the NMR T−11 dispersion measurement technique as the primary
probe of molecular-scale dynamics in porous media yielding diffusion parameters and a wealth of
information on pore morphology.
PACS numbers:
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I. INTRODUCTION
This is the second of two articles on the interpretation of 1H nuclear magnetic resonance
(NMR) relaxation experiments on fluids in porous systems which comprise pores offering
locally-flat interfaces. The first article [1] is referred to as Paper I. Systems of interest
are wide-ranging and include zeolites, shales, clays, catalysts, glasses, wood, and cement-
based materials [2–20]. A host of NMR techniques provide information on proton spin
environments in porous systems. In particular, the NMR spin-lattice (longitudinal) and
spin-spin (transverse) relaxation times, T1 and T2 respectively, depend on fluctuations in
magnetic dipole-dipole interactions due to the relative motion of spin pairs. This article
is concerned with fast-field NMR dispersion (NMRD) measurements which yield T −11 as
a function of Larmor frequency ω for frequencies ranging from kHz to MHz and T1 − T2
spin correlation measurements which yield the T1/T2 ratio. These measurements capture
information on the dynamical processes of fluid spins spanning many orders of magnitude
in time. The challenge has been to develop diffusion models and associated theory to enable
the measurements to be interpreted.
The analysis of NMRD data from porous media is challenging because fluid may occupy
a range of physical environments each with distinctive diffusive properties. For example,
molecular dynamics simulations of water confined to a simple planar cement-analogue pore
has identified four environments: chemically-bound water at the pore surface, water in the
first and second hydration shells, and bulk water [21]. Furthermore, fluid spins undergo
rotational as well as translational motions and molecules may form local structure with
neighbouring molecules. All processes which involve the relative motion of spins contribute
to measured NMRD dispersions but the importance of each process is system-dependent.
The strategy is to isolate the key contributors to the NMR relaxation rates for a particular
system.
Most previous attempts to infer nano-scale transport properties of fluids in porous media
from T −11 dispersion measurements have either been based on the Korb family of models
[2–6, 13, 14, 16, 19] or the so-called bulk-mediated surface diffusion (BMSD) model [9–
11, 22–24]. The BMSD model identifies diffusion on the pore surface as the most important
contributor to the measured dispersion. Fluid at the surface occasionally desorbs into a bulk
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region where it diffuses rapidly before re-adsorption to the surface. The model describes the
surface spin motion as a two-dimensional (2D) Le´vy walk. The Korb models on the other
hand have been developed for systems in which the NMR dispersions are dominated by the
interaction between fixed paramagnetic impurity spins and mobile fluid spins. One widely-
used Korb model is based on the assumption that spins located in the 2D surface layer
diffuse within the layer making repeat encounters with paramagnetic impurities also located
in the surface layer. The theoretical analysis leads to an approximate formula for T −11 (ω)
which is fit to the measured dispersion.
In this article, the generic model introduced in Paper I and reproduced in Fig. 1(a) is
tested against NMRD data for a plaster paste, a synthetic saponite clay, a mortar and
an oil-bearing shale. The model, referred to as the 3τ model, is informed by molecular
dynamics studies of water at silicate-based pore surfaces but is designed to be generally
applicable to other protonated fluids and different surface morphology [21]. It incorporates
the most appealing features of the BMSD (Le´vy) and Korb models. In the 3τ model, two
types of spin may contribute to the dipolar relaxation; electronic spins associated with fixed
paramagnetic impurities in the confining crystal (usually Fe3+ and/or Mn2+ and labelled σ)
and 1H spins. The 1H spins may occupy one of two environments. One ensemble of spins
forms a monolayer at the pore surface. These spins are labelled “`” and may either move
parallel to the pore surface or desorb from the layer into bulk. The second ensemble contains
spins in the bulk of the pore and are labelled “b”. The diffusion processes are characterised
by the time constants τ`, τb and τd. τ` and τb are the characteristic diffusion correlation
times for spins in the surface layer or bulk respectively and are defined in terms of the
diffusion coefficient D by D = δ2/6τ . Here δ is a convenient nano-scale distance chosen to
be 0.27 nm for consistency with previous work by us and by others thereby allowing direct
comparison of diffusion correlation times. It is approximately the distance between proton
spins on different water molecules in the bulk. The desorption time τd is the time after which
a fraction e−1 of spins remains in the surface layer.
The 3τ model illustrated in Fig. 1(a) assumes that the distribution of paramagnetic
impurity spins in the crystal can be modelled as a single average layer positioned as indicated
in the figure. The interaction between a paramagnetic spin in the crystal and a layer of
mobile spins is proportional to d−4 (where d is the separation of the layers) and so the
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FIG. 1: The model structure of a Q2D pore is presented in (a) showing rare paramagnetic
impurities in the crystal, a monolayer of slow-moving fluid and bulk fluid. The diffusion
correlation times are τb for the bulk τ` for the mobile surface fluid. The desorption of spins from
the surface layer to the bulk is characterised by the time τd. The dashed line (red online)
represents a model layer of paramagnetic impurities representing an approximate average position
weighted by the dipolar interaction with pore fluid. (b) shows the labelling for the different
interactions which may contribute to the relaxation rates for the systems studied in Sec. III.
position of the average paramagnetic impurity layer is close to the crystal surface reflecting
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the dominating interactions between impurity spins closest to the surface and the fluid spins.
This equivalent layer is designed to approximate the average effect of a uniform distribution
of paramagnetic impurity spins in the crystal. The impurity spins are fixed and the theory
which produces the relaxation rate dispersions is developed in Sec. II. The theory is equally
applicable as a description of the interaction of fixed proton spins with mobile fluid spins.
For example, the theory can be applied to determine the relaxation rates associated with the
interaction of mobile fluid spins with fixed proton spins located in the surface layer which
are chemically bound to the surface and which are immobile over the timescale of T1 and T2
(so that τ` ≫ T1 and τ` ≫ T2).
The 3τ model possesses some characteristics of the BMSD model. The BMSD model
treats the surface spins as executing a Le´vy walk but does not explicitly incorporate the
bulk fluid diffusion properties (the model does not yield τb when fit to experimental data)
and does not include the effect of paramagnetic impurities. We demonstrated in the theory
presented in Paper I and again here in Sec. II B that our theory is easily adapted for Le´vy
dynamics. The 3τ model is, however, different from that used by Korb and co-workers for
systems where the dominant relaxation mechanism involves the interaction of mobile proton
spins with static electronic paramagnetic impurity spins. The Korb model identifies the two
correlation times τ` and τd (in our notation) as critical to securing good fits to NMRD data.
With time and varied application, the values of τ` and τd that emerge from fits are very hard
to justify in terms of physics and chemistry. τd is consistently larger than τ` by 2-5 orders
of magnitude implying that surface molecules undergo 102–105 surface hops across the pore
surface without desorbing. The problem is most clearly illustrated in the case of oil-bearing
shale [19] where, for the water component, the model yields τ` =10 ps and τd =0.6 µs. Pure
water at room temperature has a diffusion correlation time τ` ≈ 5.3 ps, thus the conclusion
from the application of the Korb model was that water in oil-bearing shale is bound to the
rock surface yet the molecules diffuse at the surface with a diffusion coefficient which is
approximately one half that of pure bulk water. We know of no physical process that allows
this combination of time scales to arise. Indeed, simulations on a range of silicate-based
surfaces suggest that the water desorption rate is similar to τ` regardless of the nature of
the surface and that molecules which move away from a surface into the bulk are quickly
transported away [21, 25].
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The 3τ model retains the essential relaxation mechanism of Korb (surface interactions
with paramagnetic impurities) and the key features of the BMSD model where paramagnetic
impurities are absent, but there are three key advances which have a profound impact on
the outcomes of fits to experimental dispersion curves. First, we assume that the effective
layer of paramagnetic impurity relaxation centres are embedded in the pore crystal. From
this the correlation function G(t) is calculated explicitly and found to vary as t−2 in the
long-time limit which leads to values of τ` and τd which are of similar order. Second, we
admit full Le´vy-walk statistics into the model to capture re-adsorption of desorbed molecules.
Finally, we integrate G(t) across the full width of the pore in order to properly calculate the
frequency dependence of T1,b. The 3τ model is shown in Sec. III to (i) achieve improved fits
to experimental data, (ii) predict physically-realistic parameters and (iii) provide additional
information on fluid dynamics and pore morphology compared to the analysis in the original
works.
The 3τ model is developed for a Q2D pore. In doing so we are assuming that diffusion is
restricted in one dimension only. Some porous systems may be better described by channel
systems, perhaps modelled by cylindrical pores, in which fluid is confined in two dimensions
or by spherical pores where confinement occurs in all three dimensions. Certainly there is
evidence for oil-bearing shale that fluid is trapped in nanometer pores [26]. Nonetheless,
although the theory presented below may be adapted for pores with confinement in two
or three dimensions we find, despite the diversity of systems tested, the model provides
consistently excellent fits to previously-published experimental T −11 dispersions and, where
available, the ratio T1/T2 obtained from T1 − T2 spin correlation measurements.
Section II of this paper determines the contribution to the relaxation rates due to fixed
spins interacting with mobile spins and also re-presents expressions for 2D and 3D diffusion
which are used later. The results are presented in Sec. III in which four diverse systems are
re-analysed using the model results presented here and in Paper I. A hydrated plaster paste
[16] and a synthetic saponite clay sample [10] are re-analysed. The latter was originally
analysed in terms of the BMSD model. Both provide an example of a system in which
paramagnetic impurities do not dominate the relaxation. Third, a hydrated mortar [5] is re-
examined using the expressions presented in Sec. II. The final system, an oil-bearing shale
[19], provides T −11 dispersion data for both water and oil components. Here our analysis
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yields unexpected insight into the behaviour of both oil and water in a highly-complex
system. The conclusions are presented in Sec. IV
II. THEORY
This section draws together the theoretical components necessary for a determination of
T −11 and T −12 based on the 3τ model illustrated in Fig, 1. Table I lists the contributions to T −11
(or T −12 ) for each system and where the theory may be found. In Sec. II A, the contribution
due to a density of fixed spins interacting with mobile protons confined to a Q2D layer of
thickness h is determined. This provides an expression for T −11,σb and T −11,σ` for the interaction
between the layer of electronic paramagnetic impurity spins (σ) in the crystal and the bulk
(b) and surface (`) fluid respectively. The theory also provides T1,`b where the proton spins
in the surface layer are assumed to be fixed (equivalent to assuming τ` ≫ τb). Sec. II B
and Sec. II C collect together expressions from previously-published works which enable the
calculation of T1,`` and T1,Mn. T1,bb was determined for a Q2D pore in Paper I.
System and source
Plaster Clay Mortar Shale (oil) Shale (water)
Rate Theory [16] [10] [5] [19] [19]
T−11,σ` Sec. II A ✓ ✓
T−11,σb Sec. II A ✓ ✓ ✓
T−11,`` Sec. II B ✓ ✓
T −11,`b Sec. II A ✓ ✓
T−11,bb Paper I ✓ ✓
T−11,Mn Sec. II C ✓
TABLE I: The table indicates the contributions to the measured NMR relaxation rate for
combinations of spin pairs based on the model in Fig. 1 for each system studied.
In order for a model to be useful, it is necessary to calculate the contributions to the
relaxation rates associated with each of the components listed in Table I. In many porous
systems the dipolar relaxation is dominated by contributions associated with paramagnetic
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impurities at, or close to, the crystal surface. That is, the observed relaxation rate is
dominated by T −11,σ` and T −11,σb in Table I. Assuming that the exchange of proton spins between
the slow-moving fluid at the pore surface and the bulk is faster than T −11 and T −12 (the biphasic
or fast-diffusion regime), the experimental relaxation rate T −11,obs is the average of that for the
layer and the bulk weighted by the number of spins n` and nb contributing to the relaxation
in each environment [27], namely
T −11,obs = x T −11,σ` + (1 − x)T −11,σb (1)
where x = n`/(n` + nb) is the fraction of the total number of spins in the surface volume.
There is an equivalent expression for T −12,obs.
Equation (1) is a good approximation in, for example, cement-based material, rocks and
many glass systems but for systems with large pores and/or a negligible concentration of
paramagnetic impurities, the other contributions listed in Table I dominate. Here we can
identify separate contributions due to the surface and bulk fluid and write
T −11,obs = x T −11,` + (1 − x)T −11,b (2)
where
T −11,b = T −11,b` + T −11,bb (3)
T −11,` = T −11,`b + T −11,``. (4)
In Paper I, we presented the first full calculation of the homonuclear dipolar correlation
function for bulk spins confined to a planar Q2D pore. From Paper I, the contribution
T −11,bb can be calculated. The contribution due to mobile spins at the pore surface, T −11,`` was
determined in Appendix B of Ref. [28] and the key equation is re-presented in Sec. II B
below. The remaining contributions involve interactions between fixed spins and bulk or
mobile surface spins and are all captured by the same theory presented in Sec. II A. For
completeness, it is noted that
T −11,b` = NbN`T −11,`b (5)
where Nb and N` are the spin volume densities of the bulk and surface fluid respectively.
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A. Contribution to relaxation due to fixed spins interacting with mobile spins
The Q2D pore comprises an ensemble of mobile spins assumed to be 1H protons. These
spins are either confined to a surface layer or to the bulk as illustrated in Fig. 2. A relaxation
process can be associated with the translational motion of bulk protons and/or surface
protons moving relative to a layer of fixed spins. The fixed spins either comprise a layer of
electronic paramagnetic impurity spins modelled as a single layer (as illustrated in Fig. 2)
or a surface layer of protons assumed immobile. In the former case, the theory below yields
T −1σ` and T −1σb and in the latter case the theory yields T −1`b when τ` ≫ τb.
In the case of T −1`b , the two spin species are the same and so the spin-lattice and spin-spin
relaxation rates may be expressed in terms of the powder-average spectral density function
J(ω) as [29]
T −11,`b = 15βII [J`b(ωI) + 4J`b(2ωI)] (6)
T −12,`b = 110βII [3J`b(0) + 5J`b(ωI) + 2J`b(2ωI)] (7)
where ωI is the Larmor frequency of a proton in the applied static field, βII =(µ0/4pi)2 γ4I h̵2I(I + 1), γI is the proton gyromagnetic ratio and I = 12 . If the fixed spins
comprise electronic spins associated with paramagnetic impurities in the confining crystal,
the relaxation rates are [6, 29]
T −11,σY = 13βσI [7JσY(ωσ) + 3JσY(ωI)] (8)
T −12,σY = 16βσI [4JσY(0) + 13JσY(ωσ) + 3JσY(ωI)] (9)
where the subscript “Y” refers to either ` or b, βσI = (µ0/4pi)2 γ2I γ2σ h̵2S(S + 1) and γσ is the
gyromagnetic ratio for the paramagnetic impurity with S = 52 for both Fe3+ and Mn2+. The
Larmor frequency of the impurity spin in the applied static field is ωσ =658.21ωI.
The powder-average spectral density functions of the form JfY(ω) appearing in Eqs. (6-
9) are obtained from the Fourier transformation of the powder-average dipolar correlation
function GfY(t) defined as
JfY(ω) = 2∫ ∞
0
GfY(t) cosωt dt (10)
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FIG. 2: A Q2D pore showing a pore crystal (hatched), a single layer of surface fluid (dark gray)
and bulk fluid (light gray). The distances in the z direction between the layer of fixed
paramagnetic impurities and the surface or bulk fluid are labelled dσ` and dσb respectively.
Example spin-pair vectors at t = 0 and at time t, r0 and r respectively, are shown with the
cartesian and cylindrical coordinates of r.
where the subscript “f” labels the fixed spin species. We now determine GfY(t) for mobile
proton spins confined to a Q2D pore moving relative to a layer of fixed spins of density Nf
spins per unit volume. The starting point is the expression [28, 29]
GfY(t) = 4pi
5 ∫R3 ∫R30 [ 2∑M=−2 Y2M(ρ0, φ0, z0) Y ∗2M(ρ,φ, z)r30 r3 ]P (r, t ∩ r0) d3r0 d3r (11)
where P (r, t ∩ r0) is the probability density function for a pair of spins separated by r at
time t and by r0 at t = 0. The subscript 0 on all quantities indicates the value at t = 0.
The powder average has been taken in Eq. (11) [28]. The Y functions are the spherical
harmonic functions of degree 2 expressed in terms of the cylindrical coordinates (where the
asterisk superscript represents the complex conjugate), d3r ≡ ρdρdφdz and r3 = (ρ2 + z2)3/2.
A schematic diagram of the spin-pair space with coordinates is presented in Fig. 2. The
cylindrical coordinate system is a convenient choice for spin pairs unbounded in the plane.
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The spin-pair coordinates ρ and z are independent and so
P (r, t ∩ r0) = Nf P (ρ, t ∣ ρ0) P (z, t ∣ z0) (12)
where P (ρ, t ∣ ρ0) is the probability density function per unit area describing the relative
motion of pairs of spins separated by ρ at time t given that they were separated by ρ0 at
t = 0 with the similar definition for P (z, t ∣ z0). Nf is the volume density of fixed spins.
The conditional probability density function P (ρ, t ∣ρ0) is obtained as a standard solution
to the diffusion equation for a point source located in an unbounded 2D space and may be
written
P (ρ, t ∣ ρ0) = e−∣ρ−ρ0 ∣2/4DYt
4piDYt
(13)
where DY is the self-diffusion coefficient for mobile species “Y”, either ` or b as appropriate.
DY may be expressed in terms of a characteristic diffusion correlation time of the mobile
fluid, τY by DY = δ2/6τY where δ = 0.27 nm. The same relationship between τY and DY is
used for both surface and bulk spins. Thus τY is the mean time for either a bulk spin or
surface spin to move a distance δ in 3D.
Following the usual procedure, P (ρ, t ∣ ρ0) as given by Eq. (13) is replaced by its well-
known Fourier integral with in-plane Fourier variable k
e−∣ρ−ρ0 ∣2/4DYt = DYt
pi ∫R2
k
e−DYtk2eik⋅ρe−ik⋅ρ0d2k (14)
where d2k ≡ k dk dφk and k lies in the same plane as ρ. Equation (14) is then substituted
into Eq. (11) to yield
GfY(t) = Nf
5pi ∫R3 ∫R30 [ 2∑M=−2 Y2M(ρ0, φ0, z0) Y ∗2M(ρ,φ, z)(ρ20 + z20)3/2 (ρ2 + z2)3/2 ]
×{∫
R3
k
e−DYtk2eik⋅ρe−ik⋅ρ0d2k} P (z, t ∣ z0) d3r0 d3r (15)
The probability density function P (z, t ∣ z0) describing the probability that a spin is located
at z at time t given it was located at z0 at t = 0 is found by a standard solution to the
diffusion equation with reflective boundaries (see, for example, Ref. [30]) as
P (z, t ∣ z0) = 1
h
[1 + 2 ∞∑
p=1 e−DYp
2pi2t/h2 cos ppi(z − dfY)
h
cos
ppi(z0 − dfY)
h
] (16)
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where we note that, using our convention that the origin of the coordinate z is at the plane
of the fixed spins, the mobile spins are confined to the region dfY < z < dfY + h. dfY is either
dσ`, dσb or d`b as appropriate for the calculation. Reflective boundary conditions are chosen
as the most appropriate for the systems studied here where the fluid is strongly-adsorbed to
pore surfaces and the probability of a bulk molecule moving to the surface layer is low.
Use of the Jacobi-Anger expression followed by mathematical simplifications and integra-
tion over the Q2D volume yields
GfY(t) = 2Nf
5δ3∆ ∫ ∞0 e−tκ2/6τYκ [H(κ) + 2 ∞∑p=1Ep(t) Cp(κ)] dκ (17)
where κ = kδ is the dimensionless Fourier variable and ∆ = h/δ is the thickness of the Q2D
fluid in units of δ. The functions are
Ep(t) = e−p2pi2t/6∆2τY (18)
H(κ) = 5pi
3
(eκ∆ − 1)2 e−2κ(∆+ΓfY) (19)
Cp(κ) = 5piκ4∆4 [eκ∆ − (−1)p]2 e−2κ(∆+ΓfY)
3 (κ2∆2 + p2pi2)2 (20)
where ΓfY = dfY/δ is the distance between the fixed spins and the fluid in units of δ. Equa-
tions (17) to (20) enable a numerical evaluation of the dipolar correlation function GfY(t).
It is useful to evaluate the dipolar correlation function G(t) in the short-time and long-
time limits. These results provide a check of numerical calculations. The functional depen-
dence of G(t→∞) on t determines the low-frequency limit of the relaxation rate dispersions
and clarifies the fundamental difference between the 3τ model and pure 2D descriptions.
GfY(t→0) is evaluated by making the substitution
P (r, t ∩ r0) = Nf δ(r − r0) (21)
in Eq. (11). The ...d3r integral is executed to give
GfY(0) = Nfpi∆ (3Γ2fY + 3∆ΓfY +∆2)
12δ3Γ3fY (ΓfY +∆)3 (22)
and taking the additional limit ∆ ≫ ΓfY yields
GfY,∆→∞(0) = Nfpi
12δ3Γ3fY
. (23)
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The long-time limit of G(t) is found using Eqs. (17) to (20). Noting that Ep(t→∞) = 0 and
making the substitution u=κt/τY gives
G(t→∞)→ 2piNfτ 2Y
3∆δ3t2 ∫ ∞0 e−u2τY/6t u (euτY∆/t − 1)2 e−2uτY(∆+ΓfY)/t du. (24)
The integrand can be expanded and integrated and yields, in the limit t→∞,
G(t→∞) = 12pi∆Nfτ 2Y
δ3t2
. (25)
Thus the long-time dependence of the dipolar correlation function is t−2 rather than the t−1
seen in the case where all spins diffuse in a pure 2D plane [31, 32]. In the case where all spins
are confined to a 2D layer, the well-known result G(t→∞)∝ t−1 leads to a lnω−1 dependence
on frequency at low frequencies. This result was obtained numerically by Avogadro and Villa
[31] but derived first by Sholl [32]. The limit arises due to the small κ and long t behaviour
of the Fourier integral. In other words, as t → ∞, the result of the integral in Eq.(24)
depends on the behaviour of the integrand as κ → 0. The behaviour of the limit κ → 0
and t→∞ in Eq.(24) for the fixed spins interacting with a displaced Q2D layer of mobile
spins is different to the case when all interacting spins are in the same 2D plane resulting
in G(t→∞) ∝ t−2 and a low-frequency limit of the relaxation rate which is constant [31].
The difference is fundamental and is re-visited in Sec. III. We make the final observation
that the t−2 dependence of G(t) was also derived in Ref. [21] for a layer of paramagnetic
impurities displaced from a pure 2D layer of mobile spins.
B. Relaxation due to like-spins confined to a 2D layer
The contribution to measured relaxation rates due to the relative motion of pairs of proton
spins contained in the surface monolayer is significant in systems which are not dominated
by the presence of paramagnetic impurities. The dipolar spin correlation function G``(t)
was determined in Appendix B of Ref. [28] as
G``(t) = N`pi
2δ3 ∫ ∞0 κ e−tκα/3τ` (3 [∫ ∞∆′ J2(κv)v2 dv]2 + [∫ ∞∆′ J0(κv)v2 dv]2)dκ (26)
where the J2 and J0 are Bessel functions and N` is the volume density of spins in the layer.
There are two adaptations of the original formula here. First, the lower limit on the
integrals, which represents the distance in units of δ of closest approach of two spins adsorbed
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to the pore surface, is set to ∆′= δ′/δ=1. In Paper I, in considering the case of 3D bulk water,
∆′ was treated as a model parameter and set to 0.243 to yield the correct T −11 relaxation
rate for pure bulk water at room temperature. This choice compensated for shortcomings
inherent in the simple Fickian description of particle diffusion which excluded, for example,
rotational motion and local clustering of water molecules. In the case of a monolayer of
water adsorbed to a pore surface, it is difficult to establish the extent to which rotational
motion and non-uniform local spin density applies. For this reason, we set ∆′= δ′/δ=1.
The second adaptation is the introduction of the Le´vy parameter α which appears in the
exponential term. For Fickian diffusion, α=2, as in Ref. [28]. If 0<α<2, Le´vy dynamics is
described. Le´vy diffusion occurs when a spin departs the surface layer and moves rapidly
in the bulk region of the pore before, some time later, moving back to the layer. The
stable symmetric Le´vy distribution which characterises this motion is obtained by simply
introducing α into Eq. (26). The impact on G``(t) of α at long times is well known [11].
Simply, G``(t→∞)∝ t−2/α for a pure 2D layer of spins. Thus, if Le´vy dynamics significantly
impacts the dipolar correlation function G``(t), and hence the relaxation rates, this would
become apparent at long times or low frequencies. Le´vy dynamics is assumed within the
BMSD model [9–11] where the case α=1 (a Cauchy distribution) is considered.
C. Relaxation due to aqueous paramagnetic ions
The analysis of the oil-bearing shale system in Sec. III D requires an estimate of the T −11
relaxation rate for Mn2+ ions dispersed in water. We are not aware of any prior theoretical
work which evaluates this relaxation rate contribution. However, an estimate of the dipolar
correlation function describing the relative motion of a bulk fluid surrounding a paramagnetic
impurity can be obtained from an expression for like-spins diffusing in a 3D bulk fluid
(i.e. without the constraints of pore boundaries). The expression was first presented in 1986
[33] in the context of a Monte Carlo (MC) diffusion simulation correction term based on a
continuum approach introduced by Abragam [29]. Using the present notation,
GMn(t) = 4piNσ
δ3∆′3 ∫ ∞0 e−κ2t/6τb J23/2(κ∆′)κ dκ (27)
14
where J3/2(x) is a half-integer Bessel function and Nσ is the number of paramagnetic spins
per unit volume.
It is assumed that the Mn2+ ions are stationary in comparison to the bulk fluid and
accordingly Eq. (27) has been adapted for motion relative to a fixed relaxation center. Our
picture is of a Mn2+ ion hydrated by (probably) six water molecules and the judgement is
that the diffusion correlation time for the hydrated ion will therefore be long compared to
that of water. Equation (27) is then parameterised by adjusting the distance of nearest
approach of the mobile water to the Mn2+ ion in units of δ, ∆′, to obtain the same value of
T −11 as Pykett and co-workers [34] for a 1.0 mM solution of MnCl2. This is achieved with a
value ∆′ = 1.
III. RESULTS
In the sections that follow, the expressions derived in Sec. II and in Paper I are used to
interpret experimental T −11 dispersion data in four different porous systems: a plaster paste
[16], a synthetic saponite clay [10], a mortar [5] and an oil-bearing shale [19]. The objective
is to apply the 3τ model to obtain quantitative estimates of the dynamical time constants
characterising the diffusive properties of the nano-confined spin-bearing nuclei. We find
that, where direct comparison is possible, the time constants presented in Sec. III B for the
synthetic saponite clay are consistent with the BMSD model presented in the original work
but in the remaining systems the 3τ model yields time constants which are significantly
different from those produced by the application of the Korb model.
The theoretical analysis presented in Sec. II A explains why the 3τ and Korb model
lead to different time constants for the mortar and oil-bearing shale systems where the
relaxation rates are dominated by interactions with paramagnetic impurities. Figure 3
presents calculations of the T −11,σ` dispersion using three different approaches. The Korb
approach assumes that the mobile spins and the fixed paramagnetic impurities lie in the
same surface layer and exploits the known t−1 long-time behaviour of the dipolar correlation
function G(t) to develop the approximate expression
G(t)∝ 1
t
(e−t/τd − e−t/τ`) . (28)
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FIG. 3: The spin-lattice relaxation rate T−11,σ` is presented as a function of frequency for a layer of
mobile spins of thickness δ moving relative to fixed paramagnetic impurities for three cases: the
Korb model [19] ( ), a 2D full calculation using Eq. (26) ( ) and when the
plane of paramagnetic impurities is displaced from the surface layer ( ) as given by
Eqs. (17)–(20). Curves have been normalised to unity at ωτ` = 0.01 to illustrate the different
functional dependence on ωτ`. The lnω
−1 low-frequency limit (——) is shown.
This function can be Fourier transformed analytically and, assuming τd ≫ τ` as is the usual
practice, yields the final expression for T −11,σ` (normalised to unity at f = 0.01 MHz) which is
plotted in Fig. 3. The curve matches the known low-frequency limit lnω−1 for systems in
which G(t→∞)∝ t−1 [31, 32] over a significant range of frequency as one would expect for a
correlation function built on this basis. Also presented is a full 2D calculation obtained using
Eq. (26) for fixed paramagnetic spins and mobile protons co-existing in the 2D plane. The
Fourier transform is completed numerically to obtain the curve in Fig. 3. The 2D relaxation
rate differs significantly over most of the frequency range from the Korb result. The 2D
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calculation also yields the lnω−1 dependence of T −11,σ` at low frequency, but only at very low
frequency, reflecting the observation that G(t) only reaches the long-time asymptotic limit
t−1 at very long times.
The third approach assumes that the representative plane containing the paramagnetic
impurities is located in the confining crystal and therefore displaced from the monolayer
of mobile spins. This is the situation considered in Sec. II A leading to Eqs. (17)–(20)
which enable a numerical evaluation of the dipolar correlation function G(t). G(t) is shown
to decay as t−2 at long times in Sec. II A. This result was obtained with a displacement
distance dσ` = 2δ = 0.54 nm as used for the analysis of the mortar and shale below. The
t−2 dependence of G(t) at long times leads to a constant T −11,σ` at low frequency, as shown
in Fig. 3 and originally stated by Avogadro and Villa [31]. The comparison of this result
with the dispersion obtained from the Korb model shows that the two curves decay at times
which differ by about 2–3 orders of magnitude. It is this that is responsible for the different
surface diffusion time parameters which emerge from the fits to the mortar and oil-bearing
shale in the following sections and the original analysis using the Korb model.
A. Plaster paste
Korb presents the results of T −11 dispersion measurements on a commercial β-plaster paste
in a review paper [16]. The evolving microstructure was explored as a function of water-to-
plaster ratio and, here, we analyse the T −11 dispersion over the frequency range 0.03–20 MHz
for the water-to-plaster ratio of 0.8 as presented in Fig. 8 of Ref. [16]. It is noted in Ref. [16]
that the plaster microsctructure is composed of needle-shaped gypsum crystals providing
flat surfaces for pore boundaries. An image of a set β-plaster is presented in Ref. [35] and
shows flat crystal faces of 100 nm to 10 µm in size.
The experimental dispersion, reproduced in Fig. 5, possesses unusual features. First, the
magnitude of the relaxation rate, which has a maximum value of about 12 s−1, is substantially
less than for the mortar or shale systems examined in Secs. III C and III D. This indicates
that paramagnetic impurities do not play a significant role in the relaxation process. Elec-
tron spin resonance measurements indicated that the plaster paste contained no detectable
17
bulk water 1H spin
surface water 1H spin
surface water1H spin
assumed static
𝑇1,ℓ𝑏
𝑇1,𝑏𝑏
𝑇1,ℓℓ
FIG. 4: The interactions assumed to contribute to the relaxation rate for both the plaster paste
system [16] and the synthetic saponite clay system [10] are indicated. The pore crystal (hatched)
and the surface monolayer (gray) are shown.
paramagnetic impurities [16]. The plaster-paste system therefore provides an opportunity
to test the 3τ model on a system in which the T −11 dispersion is not dominated by relaxation
associated with paramagnetic impurities. The second notable feature of the experimental
dispersion is that the curve falls to a constant rate of about 1 s−1 at the higher frequencies.
This suggests that the rate in the high-frequency regime has a contribution associated with
the interaction with or between bulk water spins. Finally, the decay of the relaxation rate
which drops to half its low-frequency value at f ? 0.05 MHz suggests a critical relaxation
time constant τ` ?3 µs.
18
02
4
6
8
10
12
14
0.00 0.01 0.10 1.00 10.00
R1expt
R1
R1_B
R1_Lℓ
b
d
frequency (MHz)
1
/T
1
(s
-1
)
1/T1 (expt)
1/T1 (theory)
1/T1,b (theory)
1/T1,ℓ (theory)
FIG. 5: The spin-lattice relaxation rate T−11 is presented as a function of frequency for plaster
paste. The experimental data ( ) is from Ref. [16]. The solid line is the fit based on the
parameters presented in Table II.
The contributing relaxation rate components are illustrated schematically in Fig. 4 and
may be expressed
T −11 (τ`, τb, τd) = xT −11,` (τ`, τb, τd) + (1 − x)T −11,b(τb) (29)
T −11,` (τ`, τb, τd) = T −11,``(τ`, τd) + T −11,`b(τb) (30)
T −11,b(τb) = T −11,bb(τb) + T −11,b`(τb) (31)
where the relationship between T −11,b` and T −11,`b is given by Eq. (5). The quantities in brackets
indicate the dependence of the relevant rate contribution on the three fit parameters, τ`, τb
and τd. x is adjusted to obtain an optimum fit with respect to each set of time constants as
described below.
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The question arises as to how to calculate T −11,`b (and hence T −11,b`) when the spins in each of
the surface layer and bulk environments are in motion. In principle the two populations of
water exchange such that the bulk water adsorbs on the surface and surface water desorbs to
the bulk in dynamic equilibrium with the desorption time characterised by a time constant
τd. No theoretical calculation has yet been undertaken which explicitly determines the dipo-
lar correlation function for a two-environment system characterised by different diffusion
correlation and exchange times in a planar pore. This is the situation explored by Monte
Carlo simulations in Paper I. If τd ≈ τ` ≈ τb then it would suffice to treat the surface+bulk
water combination as a single, bulk-like environment. For the plaster-paste system con-
sidered here, however, provisional fits indicated that τ` is longer than τb by approximately
6 orders of magnitude. We therefore assume that the water surface layer is fixed and use
Eqs. (17)–(20) to provide an approximation for the dipolar correlation function and hence
T −11,`b.
.
Parameter Value Comments
δ 0.27 nm nano-scale reference length
δ′ 0.243 δ model parameter - see Paper I
N` ≈ Nb 66.6 spins/nm3 water spin density
h 5 nm assumed minimum thickness of bulk water layer
d`b δ distance between surface layer and bulk for T
−1
1,`b
Fit outcome Value Comments
x – See Eq. (29) and text.
τb 17 ± 0.5 ps diffusion correlation time for bulk water
τ` 40 ±5 µs diffusion correlation time for surface layer water
τd 6.5 ± 0.5 µs water desorption time
TABLE II: List of model parameters required to fit to the spin-lattice relaxation dispersion for a
plaster paste [16]
The parameters used for the calculations and fit parameters are presented in Table II. A
theoretical relaxation rate is determined by choosing τ`, τd and τb and minimising a least-
squares quality-of-fit measure with respect to x. The data in the frequency range f > 1 MHz
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depends primarily on the bulk water diffusion correlation time τb yielding τb = 17±0.5 ps. As
discussed in Sec. III C, the value τb in porous media is expected to be larger than the that for
pure water due to dissolved ions hindering diffusion. For pure water at room temperature,
τb = 5.3 ps [36] and thus τb = 17 ps appears reasonable and consistent with the values obtained
for the mortar system in Sec. III C and also with the water component of the oil-bearing
shale in Sec. III D.
The best fit to the dispersion is obtained with τ` = 40±5 µs. It may appear surprising that
the sluggish motion of a small fraction water molecules within a single layer can dominate
the relaxation dispersion over a substantial frequency range. However, G(t) starts to decay
when t ≈ τ` so a larger τ` leads to a later decay of G(t). Furthermore, for 2D diffusion, the
probability of repeated encounters is significantly increased compared to 3D diffusion and
this is also reflected in the form of G(t). The area under G(t) is larger and so J(ω) and hence
T −11 are also larger at low frequencies. The very long value of τ` indicates that the water
is moving very slowly on the pore surface. We make the observation that MD simulations
demonstrate that the movement of water on the surface of silicate pores is substantially
slowed by the presence of calcium ions which acts as a binder in cement-based material
[28]. With presumably the presence of calcium ions in the pore solution, we speculate that
calcium ions play a role in influencing the movement of surface water. We also make the
observation that, although τ` is of order µs, the shortest measured T1 is about 0.1 s, thus
T1 ≫ τ` and the fast-diffusion (biphasic) assumption remains valid.
The optimum fit is obtained for τd = 6.5±0.5 µs. Recall that the time scale for desorption,
τd, is defined as the time after which fraction e−1 of spins in the surface layer at t = 0 remain
in the layer. Thus G``(t) is obtained by multiplying Eq. (26) by exp (−t/τd) (which assumes
that h ≫ δ). τd is responsible for the low-frequency plateau in the dispersion curve in the
range 0.01–0.03 MHz shown in Fig. 5. But this may not be the only explanation for the
levelling of the dispersion curve at low-frequencies, for instance, the BMSD model invokes
Le´vy-walk dynamics to explain this feature of T −11 dispersions [9–11].
Le´vy-walk dynamics has been demonstrated through MC simulation in Q2D pores [1, 24]
and this effect was also observed in the MC simulations in Paper I. Simply, Fickian diffusion
of spins takes place within the surface fluid layer but then, after a time, the spin desorbs
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to the bulk where it is transported rapidly within the pore before it is re-adsorbed into
the layer. The overall probability density function describing the relative motion of pairs
of surface spins is governed by Le´vy rather than Fickian dynamics and possesses enhanced
probability density in the wings of the distribution.
Fresh calculations of T −11,`` were made using Eq. (26) for the Le´vy parameter 0.5 ≤ α < 2.
Fit parameters are therefore τ`, τb, τd and α. The quality of the fit was not improved by
the introduction of a fourth fit parameter α. Indeed, the dispersion curve was found to be
only weakly dependent on α. The explanation is that the Le´vy distribution is significantly
different in the wings of the probability density function corresponding to large distances
and longer times. The impact on G``(t) is greatest at long times where the gradient of
G``(t)∝ t−2/α but this occurs over a region of time which makes a small contribution to the
Fourier transform leading to J(ω). Moreover, a good fit to the low-frequency plateau in the
dispersion curve is secured by τd and the fit is not therefore improved for any value of α.
We conclude therefore that, whilst the spin diffusion process for spins in the surface layer
is almost certainly a Le´vy process, the difference in Fickian and Le´vy diffusion does not in
practice reveal itself in the T −11 dispersion data for plaster paste. This conclusion is sup-
ported by the excellent fit over most of the frequency range with a Fickian diffusion model
incorporating desorption. Finally, we note that the BMSD model normally invokes a “near-
surface” layer where desorbed molecules linger prior to re-absorption and which exaggerates
the effect of the Le´vy dynamics. The presence of a near-surface layer is not observed in
simulations of silicate-based surfaces, once a molecule has desorbed from the surface mono-
layer it diffuses in the bulk, but Le´vy dynamics may be apparent in the dispersion curves for
protein and other biological systems and molecular gels where desorbed molecules remain
close to the surface. The low-frequency flattening of the dispersion curve has been shown
here to fully accounted for by the desorption of spins from the surface.
In summary, a single layer of strongly-bound water is found at the surface of the pores
of the plaster matrix. Spins desorb into the bulk with a desorption correlation time of
6.5 µs and, normally, the vacant site will be filled by a bulk water molecule. Occasionally,
however, a neighbouring water molecule in the surface layer will move to the vacant site
with a diffusion correlation time of 40 µs. The excellent quality of fit, the similarity of τ`
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and τd and the meaningful values of all time constants provides confidence that the 3τ model
captures the key contributors to the relaxation process in the plaster paste.
B. Synthetic saponite clay
Zavada and co-workers [10] undertook fast-field cycling measurements on aqueous samples
of synthetic saponite clay. Clay particles are up to micrometers in size and were prepared
as stacks with water between the particles, described as “a deck of cards”. Laboratory
preparation ensures that there are no paramagnetic impurities. Here we re-analyse sample
labelled SA30. This is the second example of system in which the relaxation is not associated
with the presence of paramagnetic impurities and thus the T −11 dispersion curve can be
modelled using Eqs. (31) and the results from Paper I. The interactions considered are
therefore the same as those for the plaster paste and are re-presented pictorially in Fig. 4.
In the original paper by Zavada and co-workers [10], the T −11 dispersion was fit assuming
the 2D diffusion of spins at the clay surface (i) assuming normal Fickian diffusion and
(ii) assuming a Le´vy parameter of 1 equivalent to a Cauchy walk. The surface diffusion
correlation time was found by these authors to be 1.8 µs for the Cauchy walk which yielded
the best fit.
The model parameters and fit outcomes from the analysis using the 3τ model are pre-
sented in Table III. The best fit is presented in Fig. 6. The bulk water diffusion correlation
time is found to be 15±3 ps which translates to a diffusion coefficient of about 8±2×10−10 m2/s
which is slightly higher than the water diffusion coefficient measured by field-gradient NMR
diffusometry by Zavada and co-workers of 4.5×10−10 m2/s for sample SA30 (although a mea-
surement on a second sample gave 9.5×10−10 m2/s). τ` is found to be 1.5±0.3 µs in excellent
agreement with the original analysis which yielded 1.8µs. The low-frequency plateau is fit
with τd = 5.0±0.5 µs. Once again, we do not find it necessary to invoke complex diffusion
walks to obtain an excellent fit to the experimental data; the low-frequency plateau can be
associated with spins leaving the surface layer and desorbing into the bulk.
It is noted that for both the saponite clay sample tested here and the plaster paste in
Sec. III A, the result τd ≈ τ` is obtained. In other words, the fit outcomes indicate that the
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FIG. 6: The spin-lattice relaxation rate T−11 is presented as a function of frequency for saponite
clay. The experimental data ( ) is from Ref. [10]. The solid line is the fit based on the
parameters presented in Table III.
time scale for a diffusive hop from a surface site to a neighbouring surface site is similar to
the time scale for desorption. This observation leads to two conclusions: first, spins in the
surface monolayer execute just a few diffusive moves on the surface before desorption (so the
pore surface needs only to be locally flat) and, second, the desorption and surface-diffusion
processes may be linked. A mechanism consistent with this result allows a surface molecule
to depart the surface, the vacancy filled by a second surface molecule (rather than by a bulk
molecule whose passage is blocked) leaving a second vacancy which is either filled by the
desorbed molecule (exchange), a bulk molecule or a another surface molecule.
In summary, the 3τ model yields a similar results to the original analysis by Zavada and
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.Parameter Value Comments
δ 0.27 nm nano-scale reference length
δ′ 0.243 δ model parameter - see Paper I
N` ≈ Nb 66.6 spins/nm3 bulk water density
h 5 nm assumed minimum thickness of bulk water layer
d`b δ distance between surface layer and bulk for T
−1
1,`b
Fit outcome Value Comments
x – See Eq. (29) and Sec. III A
τb 15 ± 3 ps diffusion correlation time for bulk water
τ` 1.5 ±0.3 µs diffusion correlation time for surface layer water
τd 5.0 ± 0.5 µs water desorption time
TABLE III: List of model parameters required to fit to the spin-lattice relaxation dispersion for a
synthetic saponite clay [10]
co-workers for their synthetic saponite clay SA30 for τ`. The difference is that the 3τ model
additionally yields the bulk diffusion correlation time τb and the desorption time τd. The
results identify surface layer desorption as the physical process leading to the flattening of
the dispersion at low frequencies.
C. Mortar
The re-analysis of a mortar sample constitutes the first of two examples of the application
of the 3τ model to a system in which the relaxation is dominated by the interaction of mobile
spins with fixed rare paramagnetic impurities. Barberon and co-workers [5] measured the
T −11 dispersion for a hydrated mortar as a function of time after hydration, up to 10.5 hours.
These authors identified two features in the dispersion which were not due to the relaxation
associated with the translation movement of fluid spins, namely a frequency-independent
relaxation rate for f < 22 kHz (the rigid-ion limit) and a resonance feature at 3-5 MHz.
Consequently, the 0.02–2 MHz data for 10.5 hours hydration is used in this analysis. In
addition, the ratio T1/T2 has been found to be close to 4 for a range of cementitious materials
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[6] providing an additional (and stringent) fit datum.
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FIG. 7: The interactions which are assumed to contribute to the relaxation rate for the mortar
system [5] are indicated. The pore crystal (hatched), the surface monolayer (gray) and
paramagnetic impurity layer (dashed line) are shown.
The original analysis by Barberon and co-workers [5] employed a model in which the
surface water and fixed paramagnetic impurities (identified as Fe3+) were assumed to co-
exist in the same surface layer. Later, the experimental data were subject to a re-analysis
using a two-layer (2L) model by Faux and co-workers [21]. As in the original analysis, the 2L
model reduced the complex spin dynamics to two contributions comprising the interaction of
a dilute concentration of static Fe3+ paramagnetic impurities located in the confining crystal
with (i) slow-moving surface water and (ii) bulk-like water contained in the remainder of
the pore. The 2L model treated the two contributions as two pure 2D layers of water, one
associated with the slow-moving surface water and the second approximating the effect of
the fast-moving spins contained in the bulk. The 2L model yielded τb in the range 28–40 ps
and τ` in the range 18–40 ns.
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FIG. 8: The spin-lattice relaxation rate T−11 is presented as a function of frequency for a mortar.
The experimental data ( ) is from Ref. [5]. The solid line is the fit based on the parameters
presented in Table IV.
In the present work, the T −11 dispersion over the frequency range 0.02–2 MHz for a mortar
hydrated for 10.5 hours is re-analysed using the 3τ model. Again, it is assumed that the two
dominant contributions to the relaxation rate are due to the slow-moving water contained
in a surface layer and the bulk water contained in the remainder of the pore. Thus
T −11 = x T −11,σ` + (1 − x) T −11,σb. (32)
Equation (17) is used to calculate the dipolar correlation function for the interactions be-
tween paramagnetic impurites and mobile spins in a Q2D layer of thickness δ for the case of
the surface layer and thickness h for the case of the bulk water. This means that the distance
parameters dσ` and dσb can be set to 2δ and 3δ respectively, guided by MD simulation [21].
These distances estimate the distance between the assumed layer of paramagnetic impurities
(see Fig. 1) and the front edge of the surface water and bulk water respectively. We note
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that x is treated as a fit parameter which effectively compensates for any incorrect assump-
tions in assigning dσ` and dσb. Therefore we do not claim that the best fit of the theoretical
relaxation dispersion to the experimental data will yield a value of x which constitutes an
accurate measure of the fraction of spins in the surface layer.
The key features of the present analysis of the T −11 dispersion for the hydrated mortar
are, first, T −11,σ` and T −11,σb are both calculated using Eq. (17) which explicitly accounts for the
z-dependence of spin positions within both the surface layer and the bulk and, second, the
paramagnetic impurity layer is located below the crystal surface.
Parameter Value Comments
δ 0.27 nm nano-scale reference length
N` ≈ Nb 66.6 spins/nm3 water density
σ 1.8 ×1012 Fe3+/cm2 areal impurity density, from Barberon et al [5]
h 5 nm thickness of Q2D pore. Results are independent
of h provided h > 5 nm - see text
dσ` 2δ guided by MD simulation [21]
dσb 3δ guided by MD simulation [21]
Fit outcome Value Comments
x – a fit parameter – see Eq. (32) and text for discussion
τb 36 ± 4 ps diffusion correlation time for bulk water
τ` 0.2–1.0 µs diffusion correlation time for surface layer water
τd 0.8–1.1 µs water desorption time
TABLE IV: List of parameters required to fit to the spin-lattice relaxation dispersion
measurements on hydrated mortar [5].
The parameters used in the fit procedure are presented in Table IV. The dipolar correla-
tion function G(t) was found to be independent of the thickness of the bulk-water region h
provided that h ≥ 5 nm. h was therefore fixed at 5 nm for all calculations, in essence assum-
ing that the measured dispersion is dominated by water contained in pores with smallest
dimension exceeding 5 nm. The parameters τ`, τb and τd are chosen and the best fit is
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obtained by varying the single parameter x. The τ parameters are then changed and the
process repeated to identify the region in (τ`,τb,τd) space that yields the optimum fit. It is
remarkable that the optimum fits for τ`, τb and τd also coincide with T1/T2 ≈ 4 consistent
with experiment [6]. T1/T2 lies in the range 3.8-4.0 for the range of fit time parameters
presented in Table IV. and in Fig. 8.
In summary, the surface water diffusion correlation time τ` is found to lie in the range
0.2–1.0 µs which is shorter than values obtained for the plaster paste and saponite clay
suggesting a lower surface affinity. The bulk diffusion correlation time was found to be
36 ± 4 ps, about 6–7 times longer than for pure water at room temperature. Optimum fits
are only secured within a narrow range of τb. Finally, the desorption time constant τd is
found to be 0.8–1.1 µs which, again, is similar to the surface water diffusion correlation time
τ` suggesting linked diffusion processes.
D. Oil Shale
The final system under investigation is an oil-bearing shale. Oil shales are complex
systems of rock layers with pores containing a mixture of oil, water and decayed organic
matter known as kerogen. The system is illustrated schematically in Fig. 9 adapted from a
scanning electron micrograph image in Ref. [19]. Oil shales are of obvious commercial, hence
research interest and are subject to a variety of characterisation techniques, as reviewed by Li
et al [37]. Whilst NMR methodologies are widely used in the oil industry to characterise oil-
bearing rock samples in the laboratory and in situ, the first T −11 dispersion measurements on
an oil-bearing shale were not published until 2014 by Korb and co-workers [19]. These multi-
frequency T −11 measurements probed the nano-scale dynamics of the spin-bearing nuclei
observing two distinct peaks which were unequivocally associated with 1H oil and water
spins. In addition, these authors undertook T1 − T2 spin correlation measurements at a
single frequency yielding insight into pore-exchange processes and, for our purposes, values
of the ratio T1/T2 which (as for the mortar in Sec. III C) provides an additional test of a
model.
The correlation times for the oil component in the oil-shale sample were found by Korb
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FIG. 9: A schematic cartoon of an oil-bearing shale showing kerogen (gray texture) with an
enlarged section illustrating a fluid model consistent with the analysis of the T −11 dispersion
measurements from Ref. [16]. Rock (dark shading), water (>>), oil ( ) and Mn2+ paramagnetic
impurities ( ) are indicated.
and co-workers to be τ` = 4.1 ns and τd = 0.77 µs. The authors found that the shale
was water-wetting and that the oil was contained in the one-dimensional channels of the
kerogen. Korb’s model assumed that the oil executed a 1D random walk in the kerogen
matrix in the vicinity of Mn2+ paramagnetic impurities. The model yielded a good fit to
the experimental dispersion and therefore likely captures the dominant physical processes
leading to the observed relaxation rates but the relative difference in the magnitudes of τ`
and τd remains an issue.
We now interpret the T −11 dispersion measurements on the oil-bearing shale using the
3τ model illustrated in Fig. 1 with the theory presented in Sec. II. We believe that the
basic model of Korb and co-workers is sound, that is the relaxation is dominated by the
interaction between Mn2+ paramagnetic impurities and mobile 1H spins in the oil and water
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molecules and that the mobile spins can be separated into two classes, namely a slow-
moving component bound to a surface and a bulk component. The magnitude of the T −11
rates, reaching 600 s−1 in the case of the oil component, guarantees that the dispersion is
dominated by interaction with paramagnetic impurities. Interestingly, the magnitude of the
measured T −11 rates is consistent with those for the mortar system in Fig. 8 noting that
the electronic spin is S = 5/2 for both the iron (in the mortar) and manganese (in the oil-
bearing shale) impurities. The paramagnetic impurity density, however, is very different
for the mortar and oil-shale systems. The manganese surface density is reported as about
2.4 × 1013 Mn2+/cm2, approximately 20 times that for the Fe3+ in the mortar [5]. This is
not reflected in the magnitude of T −11 for the water dispersion from the oil-bearing shale.
We are unable to achieve a satisfactory fit with any combination of fit parameters for
either the water or oil dispersions if the Mn2+ paramagnetic impurity volume density NMn ≈
0.5 nm−3 (a value obtained from the estimated areal density in Ref. [19] assuming crystal
layers about 0.5nm thick). For both the oil and water components, we find that the Mn2+
density must be approximately 1/20 of the published value if fits are to be achieved. This
is not unexpected and could arise for a number of reasons: first the Mn2+ may cluster in
the rock matrix in the same way that iron impurities cluster in cement materials at higher
concentration (leading to a greyish coloration) resulting in relaxation rates which do not
scale linearly with paramagnetic impurity density or, second, a fraction of the surface Mn2+
impurities may have desorbed into the pore fluid over time thereby reducing the Mn2+
impurity concentration at the surface.
The consequence for model fitting is that, in the analyses that follow, we allow the Mn2+
paramagnetic impurity volume density NMn to act as a fit parameter. We note finally that
in all successful fits described below we find that NMn is in the range 0.03-0.05 nm−3 for
both the oil and water dispersions.
1. Analysis of the T −11 dispersion for oil
The oil T −11 dispersion is reproduced from Ref. [19] in Fig. 11. Data at frequencies less
than 0.03 MHz are omitted to avoid the frequency range affected by the rigid-ion limit
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and the quality of fits was assessed using a least-squares approach. The analysis uses the
model illustrated in Fig. 1 with the theory presented in Sec. II used to calculate the T −11,σb
and T −11,σ` contributions to the measured T −11 dispersion. Thus both the surface-layer oil
and the bulk oil were considered to contribute to the measured relaxation. A schematic
diagram of the contributing interactions is presented in Fig. 10. The oil in the oil-bearing
shale is described as “light” [19] and probably comprises a range of low-molecular-mass
hydrocarbons. Obviously the results presented here represent the average properties of the
mixture.
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FIG. 10: The interactions which are assumed to contribute to the relaxation rate for the oil
component of an oil-bearing shale [19] are indicated. The pore crystal (hatched), the surface
monolayer (dark gray) and partial coverage of the bulk oil (light gray) are shown. The layer of
paramagnetic impurities is represented by a dashed line.
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Good fits could be obtained using two diffusion correlation parameters τ` and τb but these
fits did not simultaneously satisfy the additional requirement 5 < T1/T2 < 10 obtained from
T1 − T2 spin correlation measurements [19]. Introducing the desorption time τd as a third
parameter achieved good fits with the correct range of T1/T2 ratio only with τd longer than
τ` by about 1-2 orders of magnitude, which we consider to be unphysical. Consequently,
the model was adapted to consider two surface types. A fraction f` of the rock surface was
considered to comprise just a single surface layer of oil where it is assumed no desorption
occurs over the time scale of T1 or T2. The remaining fraction of the surface was considered
as surface+bulk oil where the interchange of oil between layer and bulk may occur. One
picture of the pore surface consistent with this adaptation is illustrated schematically in
Fig. 9. In other words, the model is adapted such that the rock surface has a monolayer of
oil diffusing parallel to the rock surface with a diffusion correlation time τ` with a fraction(1− f`) comprising a surface+bulk environment such as might arise with the presence of oil
droplets at the surface or accumulation at pore surface depressions (as shown in Fig. 9).
The final model can be summarised as follows,
Gσ`(t) = f`Gσ`(t) + (1 − f`) Gσ`(t) e−t/τd (33)
T −11 (τ`, τb, τd) = xT −11,σ`(τ`, τd) + (1 − x)T −11,σb(τb) (34)
where, as previously, x is adjusted to find the best fit for a particular set of correlation times
τ`, τb and τd. The distance parameters are set to dσ` = 2δ and dσb = 3δ as usual. In all
cases examined, the optimum fit was recorded for f` ≈ 0.2 and so f` was fixed at 0.2 for all
subsequent calculations. Parameters and fit outcomes are listed in Table V.
The fits of the model to the T −11 oil dispersion curve provide a characteristic desorption
time τd = 0.2–0.3 µs. The ratio T1/T2 was found to be a strong function of τ` but only a
weak function of τb or τd. A value for τ` of 0.1 µs produces T1/T2 ≈ 5, at the lowest end of
its experimental range, and τ` = 0.5 µs yields T1/T2 ≈ 10. It is noted that τd and τ` fall in the
same range indicating that the time scale for diffusive moves of oil spins parallel to the rock
surface is about the same as the time scale for desorption. The bulk diffusion correlation
time for oil is found to lie in the range 20–40 ps which is longer than, but consistent with,
the value of 6-11 ps typical of low-molecular-mass alkanes [38]. An example of a good fit is
presented in Fig. 11.
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FIG. 11: The spin-lattice relaxation rate T−1 is presented as a function of frequency for oil in an
oil-bearing shale. The experimental data (◻) is from Ref. [19]. The solid lines are for the bulk
and surface diffusion correlation times τb = 30 ps and τ` = 0.1 µs with desorption time τd = 0.2 µs.
We make a number of observations. Good fits to the T −11 oil dispersion have been obtained
assuming that the sole contributors to the relaxation are T −11,σ` and T −11,σb where the paramag-
netic impurities in the crystal present an effective concentration 0.03–0.05 Mn2+/nm3. We
do not find evidence of 1D diffusion, nor the presence of paramagnetic impurities in the
kerogen affecting the oil dispersion. Second, we also observe that, to a good approximation,
the T1/T2 ratio is chiefly a function of τ`. If this proves the case for oil in oil-bearing shale
in general, the conclusion is that the mean value and spread of T1/T2 ratio obtained from
T1 − T2 spin-correlation measurements contain a wealth of quantitative information about
the movement of oil at the rock surfaces. For example, the spread of measured values T1/T2
could be associated with (i) the distribution of correlation times for actual surface moves of
spins, (ii) local surface affinity variations and/or (iii) different molecular-mass oils. Finally,
we note that the adaptation of the model to allow a monolayer of oil for a fraction f` of
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.Parameter Value Comments
δ 0.27 nm a nano-scale reference length
h 5 nm assumed minimum thickness of bulk oil
dσ` 2δ guided by MD simulations [21]
dσb 3δ guided by MD simulations [21]
f` 0.2 fraction of rock surface area covered by a single
layer of oil only – see Eq. (33)
Fit outcome Value Comments
x a fit parameter – see Eq. (34)
NMn 0.03-0.05 Mn
2+/nm3 typical range of effective Mn2+ density
τb 20–40 ps diffusion correlation time for bulk oil
τ` 0.1–0.5 µs diffusion correlation time for surface layer oil
τd 0.2–0.3 µs surface oil desorption time
TABLE V: List of model parameters required to fit to the T−11 dispersion for oil in oil-bearing
shale [16]
the shale surface area is not only necessary to achieve good-quality fits to the oil dispersion,
but is also necessary to achieve a good fit to the T −11 dispersion for the water component as
explained in the following section.
2. Analysis of the T −11 water dispersion
The T −11 dispersion for the water component of an oil-bearing shale is reproduced from
Ref. [19] in Fig. 13. The analysis starts with the model illustrated in Fig. 1 with the both a
surface layer of water and bulk water contributing to the T −11 dispersion via the interaction of
the water spins with Mn2+ paramagnetic impurities located within the rock. However, it was
found that the frequency dependence of the surface layer component, T −11,σ`, was incompatible
with the experimental dispersion with any reasonable choice of τ`. The bulk contribution,
T −11,σb, has an appropriate frequency dependence (see Fig. 11 for an example of the form
of T −11,σb) but an additional contribution is required in order to establish a match to the
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FIG. 12: The interactions which are assumed to contribute to the relaxation rate for the water
component of an oil-bearing shale [19] are indicated.
experimental dispersion. Therefore, our model is incompatible with the presence of mobile
water at the rock surface. This conclusion contrasts with the analysis in Ref. [19] which
found that water was only found at the surface. Nevertheless, our conclusion is consistent
with the conclusions of the analysis of the oil component in the shale rock in the previous
section which indicated that the rock surface is oil wetting
What process contributes to the approximately-constant relaxation rate contribution to
the observed T −11 for water in the oil-bearing shale? The magnitude of the experimental
T −11 dispersion provides unequivocal evidence that an interaction of water with Mn2+ para-
magnetic impurities is involved, bulk-bulk water contributions are too small, as shown in
Paper I. One possibility is that aqueous Mn2+ ions are present. There are several reasons
why this is a plausible suggestion. First, Mn2+ impurities at the rock surface are probably
depleted as evidenced by the reduced effective Mn2+ density. Second, bulk-bulk T −11 dis-
persions are nearly frequency-independent (see Paper I) and the magnitude of the required
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FIG. 13: The spin-lattice relaxation rate T−1 is presented as a function of frequency for the water
component in an oil-bearing shale. The experimental data ( ) is from Ref. [19]. The solid line is
the best fit with parameters listed in Table VI
contribution implies that the Mn2+ impurities come within close proximity to the water.
We note that there is no such contribution to the oil dispersion because oil and water are
immiscible and Mn2+ ions would presumably be located in the water component only. The
tentative picture is the removal over time of surface manganese which locates in the aqueous
component finally, possibly, lodging in the kerogen within the pore. This contribution is
labelled T −11,Mn. We note that Korb and co-workers were also drawn to the conclusion that
manganese ions located in kerogen contribute to the observed T −11 , albeit for different rea-
sons. A summary diagram indicating the interactions contributing to the relaxation rates
for the water component of the oil shale is presented
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.Parameter Value Comments
δ 0.27 nm a nano-scale reference length
h 5 nm thickness of bulk water
dσb 3δ assumed distance between paramagnetic impurity
layer and bulk water above surface oil
dMn,aq δ minimum distance between aqueous Mn
2+
and bulk water - see Sec. II C
Fit outcome Value Comments
NMn 0.03-0.05 Mn
2+/nm3 effective Mn2+ volume density in the rock
NMn,aq 0.003–0.0045 Mn
2+/nm3 aqueous Mn2+ volume density
τb 10–40 ps diffusion correlation time for bulk water
TABLE VI: List of model parameters required to fit to the T−11 dispersion for the water
component in oil-bearing shale [16]
The model used to describe the water component of the oil-bearing shale is
T −11 (τb) = T −11,σb(τb) + T −11,Mn(τb) (35)
An estimate for the contribution T −11,Mn was obtained using the dipolar correlation function
for 3D bulk water presented as Eq. (27). There is one fit parameters, namely τb. A value of
τb is chosen and the Mn2+ density in the bulk water, NMn,aq, is varied to obtain the best fit.
The process is repeated for different τb to find the optimum fit.
The optimum fits are obtained for τb in the range 10–40 ps and NMn,aq lying in the range
3.3–4.5×10−3 Mn2+/nm3. One fit is presented in Fig. 13. The density of manganese impurities
in the solid material of the oil-bearing shale was measured as about 0.5 Mn2+/nm3. Thus,
the aqueous Mn2+ volume density is a factor 100-150 less than the experimentally-measured
density in the rock.
Finally, we comment that the dispersion curve for the water component of the oil-bearing
shale could possibly be fit by a number of models. The original analysis by Korb and co-
workers [19] placed the water at the surface, but with a diffusion correlation time which is
not compatible with water bound to the surface. The re-analysis presented here not only
provides physically-reasonable time constants and a range of other physical parameters for
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both fluid components, but the 3τ model yields compatible results for the water and oil
dispersions.
E. Model limitations revisited
The 3τ model is developed in this article and in Paper I for porous systems in which
the T −11 dispersion is dominated by fluid contained in planar pores of thickness h. However,
we have shown in Secs. III A-III D that the T −11 dispersion is independent of h if h ≳ 5nm
in systems in which the relaxation is dominated the interaction between the pore fluid and
paramagnetic impurities contained in the pore walls. Consequently, the 3τ model is also
applicable to systems in which fluid is confined to quasi-one-dimensional channels or closed
pores provided two of the three dimensions exceed 5 nm. Furthermore, the values of τ`
and τd emerging from the analysis of the plaster paste, clay, mortar, and oil-bearing shale
indicate that molecules execute typically 0-2 hops on the surface before desorption. The 3τ
model is therefore robust for systems presenting surfaces which are flat on the scale of 1 nm.
The plaster paste and saponite clay are examples of systems which contain no detectable
paramagnetic impurities. We have shown that the 3τ model provides excellent fits to the
T −11 dispersion curves for these systems also, provided the contributions due to surface-
surface, bulk-bulk and bulk-surface spin interactions are included. Once again, the wider
applicability of the 3τ model is demonstrated. T −11,bb is found in Paper I to be independent of
pore thickness provided h ≳ 10 nm and T −11,`b is independent of h if h ≳ 5 nm. T −11,`` contributes
to the measured relaxation rate but, once again, molecules are found to make typically 0-2
hops prior to desorption. Therefore, for systems with or without paramagnetic relaxation
centers, the 3τ model is also applicable to systems containing fluid confined to channels or
closed pores provided two of the three dimensions exceed 5 nm.
IV. CONCLUSIONS
Proton NMR relaxation dispersion experiments on fluids in porous media are able to
non-destructively probe the nano-scale dynamics of protonated fluid. Frequency-dependent
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T −11 measurements over three or more orders of magnitude of frequency access diffusive
process occurring over time scales from picoseconds to microseconds. In this work a generic
model is proposed which forms the basis of the analysis of four different porous systems: a
plaster paste, a synthetic saponite clay, a mortar, and an oil-bearing shale. The 3τ model,
illustrated in Fig. 1, comprises fixed paramagnetic impurities contained in the solid matrix,
fixed proton spins at the solid surface, a surface layer of slow-moving spins and bulk fluid in
the remainder of the pore. A small subset of possible interactions is sufficient to describe the
T −11 dispersions in all four systems, except for water in oil-bearing shale where interaction
with manganese ions in the pore water is necessary to secure a fit to T −11 dispersion data
The theoretical work that enables the different contributions to the T −11 and T −12 relaxation
rates to be calculated is developed in this article, in Paper I or adapted and re-presented
here from previously-published works. The dipolar correlations functions are computed
and Fourier transformed to yield relaxation rates which can be combined and compared to
experimental dispersion measurements. Despite the diversity of systems studied, the plaster
paste, the clay, the mortar and the water component of oil-bearing shale yield a water
diffusion correlation time τb in the range 10–40 ps. This translates to a diffusion coefficient
of 1.2–0.3×10−9 m2/s, compared to 2.2×10−9 m2/s for pure water at room temperature. This
is reasonable considering that pore water is impure, in particular containing an assortment
of aqueous ions which both bind to water and also hinder diffusion.
Excellent fits were obtained for all systems investigated and in all cases τd ≈ τ` suggesting
a linked diffusion process. Sites at surfaces will be occupied with no opportunity for bulk
molecules to adsorb unless an adsorbed molecule leaves the surface. When an adsorbed
molecule moves away from the surface, a neighbouring surface molecule may move to the
vacant site and surface diffusion may take place via a vacancy mechanism until the vacancy
is filled by a bulk molecule. The difference between τd and τ` provides clues as to the process
at play. For example, for the plaster paste, water appears to adsorb strongly to the gypsum
surface as both τd and τ` are long. Desorption is more likely than a surface diffusion event.
By contrast, τd and τ` are similar for the mortar where calcium ions may facilitate the
movement of several molecules at the surface.
The exceptional quality of the T −11 dispersion data for the plaster paste allows the role
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of Le´vy diffusion dynamics in porous media to be appraised. The T −11 dispersion was found
to be weakly dependent on the Le´vy parameter α. This is because the Fourier transform of
G(t) provides substantially the largest contributions to T −11 within two orders of magnitude
of the characteristic diffusion time for the process, which is not the region of G(t) affected
by Le´vy dynamics. Le´vy dynamics differs from Fickian dynamics chiefly at long times and
large distances. It is primarily the local movement of surface spins which dictate the form of
the dispersion. Thus, any question as to whether a particular model allows spins to desorb
and return to the surface at a later time, or not, is shown to be redundant in the case
of the plaster paste where the time constants for surface diffusion and desorption are long.
Le´vy diffusion dynamics undoubtedly properly describe the diffusion probability density but
the dipolar correlation function differs significantly from Fickian dynamics only in a regime
which does not significantly affect the T −11 dispersion in plaster paste. We have found that
the flattening of the dispersion at low frequencies in all systems studied can be explained
by the desorption of spins from the surface monolayer into the bulk.
The oil-bearing shale, a system with two coexisting fluids, poses a significant challenge
to any model. A model needs to describe the diffusion of both water and oil components,
consistently, for T −11 spanning three decades of frequency, whilst simultaneously, in the case
of the oil, yield the experimental T1/T2 ratio. The 3τ model achieves this but only if, first,
it is assumed that the shale surface is coated in a layer of oil with about 80% of the surface
covered in thicker quantities of oil and, second, if aqueous Mn2+ ions are present to explain
the water dispersion. The shale is found to be oil-wetting, in contrast to the original analysis
which found a water-wetting rock. The oil-bearing shale yields a bulk oil diffusion correlation
time τb in the range 20-40 ps which compares to typical low-molecular-mass alkanes which
have values of 6–11 ps. The surface diffusion correlation time τ` and τd are 0.1–0.5 µs and
0.2–0.3 µs respectively.
In conclusion, we have shown that the careful application of the 3τ model can yield a
substantial amount of information on the nano-scale dynamics of spin-bearing fluids confined
to pores. We believe that this work develops the T −11 dispersion technique as the most
powerful experimental tool for elucidating a range of nanoscale dynamical properties of
fluids in complex porous systems.
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